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Abstract 
Separation processes based on adsorption show potential in the field of carbon dioxide capture and utilization or storage. Model-
based process design is a powerful tool to fully exploit this potential. In order to get an accurate description of the behavior of the 
processes in a fixed bed, a reliable description of the equilibrium adsorption is necessary. In this work the potential of two types 
of zeolites, 13X and ZSM-5, is investigated in regards to their use in a temperature swing adsorption process for a post-
combustion capture application. To this end, the single component adsorption equilibrium of CO2, N2, and H2O vapor is 
presented along with appropriate isotherms describing the data. This allows for a comparison of the two sorbents with respect to 
their cyclic CO2 adsorption capacity and selectivity for CO2. Additionally, the competition for adsorption sites between CO2 and 
N2 is investigated by applying the ideal adsorbed solution theory (IAST) to predict the binary adsorption equilibrium on both 
sorbents. These predictions indicate a very high selectivity of 13X for CO2, making this a very promising sorbent for temperature 
swing adsorption in a post-combustion capture environment, with the caveat that it also strongly adsorbs water vapor. This strong 
affinity for water vapor may imply that a flue gas stream would have to be dried before it enters the adsorption unit.  
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1. Introduction 
Adsorption-based processes show promise within the set of technologies featured in carbon dioxide capture 
utilization and storage (CCUS). The most common approach for post combustion CO2 recovery exploits liquid phase 
absorption, where amine-based solvents or ammonia are employed to scrub CO2 from a flue gas stream. Adsorption-
based processes have recently attracted attention due to the use of solid materials, which have the advantage of non-
volatility over liquid absorbents, and bear the potential for low energy consumption associated to the lower sorption 
enthalpy as compared to chemical absorption. In the case of pre-combustion capture, the elevated pressure of the 
CO2-rich stream makes pressure swing adsorption interesting [1], while in the case of post-combustion capture, the 
availability of low-grade heat makes temperature swing adsorption (TSA) a promising prospect. In either case, as 
well as in other industrial processes where adsorption might be used to capture CO2 (such as in ammonia 
production), water vapor is a significant component in the gas stream to be separated. It is therefore of interest to 
study and understand not only the adsorption of CO2 on the sorbents considered, but also the adsorption of water 
vapor as well as its interactions with other gases present.  
1.1. Previous work 
A number of studies have addressed the measurement of CO2-adsorption on a variety of sorbents. For the most 
part, however, the focus is on single component adsorption. While this gives an indication of the cyclic capacity of 
the sorbents in question, it neglects competitive effects present when the sorbent is exposed to mixtures of gases. 
Regarding the adsorption of water vapor in CCS systems, there are a number of challenges that need to be addressed. 
Water vapor exhibits adsorption behavior markedly different from most of the other gases present, and as such 
requires special considerations in terms of experimental procedure and equipment, as well as when it comes to 
modeling the behavior in a fixed bed.  
One of these challenges comes from the presence of a hysteresis loop that is frequently observed in the desorption 
of water, and the effects this phenomenon has on adsorbed dynamics. While there are some measurements available, 
and modeling studies have been done [2-5], the focus tends to be on the prediction of the equilibrium adsorption. 
Štěpánek et al. have developed a framework to predict the scanning curves that arise when the closing points of the 
hysteresis loop are not reached during repeated ad- and desorption, and have implemented this into an isothermal 
and isobaric adsorption column model [6]. In our lab this framework was then implemented into a non-isothermal 
and non-isobaric model [7].  
Another challenge is posed by the way different gases compete for adsorption sites on a variety of sorbents.  
Previous work in our lab studied multicomponent adsorption on a variety of sorbents, including coal, as it would be 
encountered in an enhanced coal bed methane recovery (ECBM) operation [8], as well as on activated carbon, as it 
would be of interest in pressure swing adsorption for pre-combustion CO2 capture [9].  
1.2. Present work 
This work covers the measurement and description of the adsorption equilibrium of a variety of gases and 
mixtures as they are encountered in post-combustion capture. Two sorbent materials are presented, zeolites 13X and 
ZSM-5. The first has attracted interest due to its very high adsorption capacity for CO2 with a significant temperature 
dependence. This gives it a promising cyclic capacity for a temperature swing adsorption process; however, it also 
exhibits a very strong affinity for water, which might impede CO2 adsorption when there is water vapor present in 
the feed. The second sorbent, ZSM-5, is comparatively hydrophobic, and might thus be suitable for the separation of 
a humid feed. For both sorbents, the adsorption of CO2 and N2 is measured at two temperatures to determine the 
temperature dependence, and described with a Sips isotherm. The isotherm parameters obtained in this manner are 
then used in conjunction with the ideal adsorbed solution theory (IAST) to predict binary adsorption of CO2/N2 
mixtures.  
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2. Experimental 
2.1. Materials 
Zeolites ZSM-5 and 13X in form of spherical pellets were obtained from ZeoChem (Uetikon, Switzerland). 
According to the manufacturer the pellets for both zeolites contain unknown binder content between 15% and 25% 
(on a mass basis). The gases used in this study were obtained from Pangas (Dagmersellen, Switzerland) with purities 
higher than 99.9%.  
2.2. Setups 
Two different setups have been used to characterize the adsorption equilibrium of the adsorbate-sorbent systems in 
our lab. Each of the setups is equipped with a magnetic suspension balance (MSB) by Rubotherm (Bochum, 
Germany).  
 
All dry gas measurements were performed in a setup which is described in detail elsewhere [8]. To measure the 
water vapor adsorption equilibrium an existing setup [10] was extended with a humidifying section and a circulation 
loop. The experimental scheme is reported in Figure 1.  
 
 
Fig. 1. Schematic of the T4000. The water reservoir is indicated with H2O. (TI: temperature indicator, rH-o: capacitive relative humidity sensor; 
rH-n: dew-point mirror sensor; PI-L/H: pressure indicator low/high). The balance cell is denoted by MSB (magnetic suspension balance). 
 
Exact temperature control in such a setup is crucial to avoid condensation. All the pipes seen in Fig. 1 as well as the 
sensors and the pump are thus heated to a temperature above the one in the MSB. The water content is known 
through the relative humidity sensors rH-o and rH-n.   
 
The setup allows operation in two different modes. The first mode is when solely water vapor is introduced into the 
balance cell via the pressure difference in the system and the vapor pressure in the water tank. The mass transport is 
controlled by diffusion only. A major difficulty in operating the setup in this mode is that the pressure in the system 
has to be kept at near vacuum conditions, i.e. the maximum pressure that is reached within the system is less than 
the vapor pressure of water at given temperature. Due to the low pressure the circulation pump cannot be used 
effectively. In the second mode of operation, the pressure within the setup is adjusted by introducing a carrier gas, 
namely helium. The pump circulates the gas through the water tank where it is humidified and then flows through 
the MSB back to the pump. The system is equilibrated by bypassing the water tank and circulating the gas with a 
fixed amount of water vapor in it. 
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3. Equilibrium Adsorption 
3.1. Single Component 
Pure component measurements of CO2 (Fig. 2) and N2 (Fig. 3) were performed up to 1 bar in between 45°C and 
140°C. Along with the experimental data (symbols) we show the Sips model best fits to the data (solid lines). The 
specific temperature range was motivated by the potential operating conditions in a post-combustion TSA process. 
In fact, flue gas and other sources of low-grade heat are typically available at temperatures of 120°C to 160°C. Thus, 
in a TSA process the regeneration temperature will be within this range to exploit the heat content of the flue gas.  
 
Considering Fig. 2 first, it is clear that the CO2 capacity on zeolite 13X is significantly higher than on ZSM-5. 
Typically, the concentration of CO2 in the flue gas ranges from 4-14% depending on the fuel [11]. Thus, the CO2 
partial pressure is approximately 0.1 bar if the flue gas enters the TSA process at atmospheric conditions.  During 
the regeneration step at 140°C the partial pressure of CO2 rises to about 1 bar. Therefore, the cyclic capacity for a 
temperature swing between 45°C and 140°C is around 1 mol/kg for 13X, while it is close to 0.1 mol/kg for ZSM-5.  
 
In Fig. 3 the N2 isotherms are shown. For 13X, N2 adsorption is low as compared to CO2 adsorption suggesting a 
high CO2/N2 selectivity. The difference in CO2 and N2 adsorption for ZSM-5 at the same conditions is lower than 
for 13X, and thus a lower CO2/N2 selectivity is expected.  
 
 
 
  
Fig. 2. Pure component CO2 isotherms on ZSM-5 (circles) and 13X (squares) at two temperature levels. 
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Fig. 3. Pure component N2 isotherms on ZSM-5 (circles) and 13X (squares) at 45°C and 140°C. 
  
 
It is also of relevance to characterize the water adsorptivity of the potential sorbents used in the TSA process. The 
setup shown in Fig. 1 was operated as according to the first mode described in section 2. In Fig. 4 we show the 
resulting water adsorption data at 45°C. Due to the lower silica to alumina ratio of 13X (Si/Al ~ 1) [12], 13X is 
substantially more hydrophilic than ZSM-5 (Si/Al ~200). Note that the extent to which water adsorbs on 13X is by a 
factor three larger as compared to CO2 adsorption. For ZSM-5 a similar behavior is observed.  
 
 
 
Fig. 4. Pure component water vapor adsorption isotherms on ZSM-5 (circles) and 13X (squares) at 45°C. 
 
 
3.2. Competitive Adsorption 
After pre-drying, the flue gas consists mainly of CO2 and N2. Thus it is important to understand the adsorption of 
those components in the mixture. The ideal adsorbed solution theory (IAST) framework allows multicomponent 
adsorption equilibrium to be predicted based on pure component parameters only [13].  The IAST prediction at 1 bar 
and 45°C for 13X and ZSM-5 are shown in Fig. 5 and 6, respectively. As expected from the pure component 
isotherms the N2 adsorption is almost negligible as compared to CO2 adsorption on 13X. A similar but less 
pronounced behavior is observed for ZSM-5.  
  
 M. Hefti et al. /  Energy Procedia  63 ( 2014 )  2152 – 2159 2157
 
Fig. 5. IAST prediction at 1 bar and 45°C for 13X. 
 
 
Fig. 6. IAST prediction at 1 bar and 45°C for ZSM-5. 
 
4. Conclusions 
Based on the discussion above, it can be concluded that zeolite 13X is more suitable for the use in a TSA process 
than ZSM-5. The latter sorbent has a significantly lower cyclic capacity and a lower CO2/N2 selectivity. However, 
there are two main issues with the use of 13X that are related to its behavior with regard to water vapor adsorption: 
First, the water adsorption capacity is much higher than the one of CO2. Second, the steep increase in the water 
adsorption equilibrium isotherm is due to a high affinity of H2O towards 13X. It is expected that water vapor, even 
at low relative humidity, inhibits CO2 adsorption significantly and thus lowers the cyclic capacity of the temperature 
swing [14]. This suggests that the TSA process based on 13X as a sorbent has to be complemented with a drying 
step where the moisture contained in the flue gas is removed. Moreover, it is important that the flue gas enters the 
TSA process indeed as a very dry stream because the water will be immediately adsorbed by 13X.  
5. Outlook 
The drying process will add to the energy requirement of the CO2 separation process, thus it is also of interest to 
design it as efficient as possible. An outline of an adsorption based drying process using two columns for continuous 
and cyclic operation as shown in Fig. 7 and would consist of the following steps: The hot and wet flue gas saturated 
in water vapor passes through a heat exchanger first, where it is cooled to the adsorption temperature, i.e. from Tfg to 
T1. Consequently, water condenses and the final water partial pressure is the vapor pressure at the adsorption 
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temperature. The flue gas then enters the drying column D1 as indicated in Fig. 7, where the moisture is adsorbed. 
The large part of the dry outlet stream of the drying step is then fed to the CO2 capture TSA unit. A part of the dry 
outlet stream of column D1 is heated and then recycled to a second column D2 which is to be regenerated as it was 
used as the drying column in the previous cycle. The operating temperature of column D2 could be close to 140°C 
by exploiting the heat content of the flue gas to be held at temperature. Of course, the flow rate of the recycle stream 
is to be minimized because it lowers the productivity of the drying process. The hot and wet outlet stream of D2, 
which is at a temperature of close to 140°C (T2), is recycled to the heat exchanger where it is cooled and the water is 
condensed. In this configuration, the process does not have a waste stream and all the wet flue gas is eventually 
dried. 
 
 
 
Fig. 7. Simple scheme for a drying process based on two columns. 
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